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a b s t r a c t

Pecans [Carya illinoensis (Wangenh.) C. Koch] are an important cash crop in arid south-

western USA. The pecan is an alternate bearing tree and its water use is greater than that of

most row crops. Irrigation, pruning amount, and timing must be effectively managed to

reduce alternate bearing for maximum profits. A simulation model of pecan growth and

yield is a potential tool for managing irrigation and pruning amounts and timing. An object-

based pecan growth model was developed and validated to simulate daily pecan tree dry

matter production, biomass allocation to leaves, nuts, trunk, and branches, and alternate

bearing according to inputs of weather data, soil condition, irrigation, and pruning opera-

tions. Daily dry matter production per unit of evapotranspiration (water use efficiency) was

calculated as a function of average vapor pressure deficit. Biomass allocation functions were

derived from tree growth measurements at an orchard near Las Cruces, NM. Alternate

bearing was simulated as a function of the level of root starch reserves. It was theorized that

the setting of pistillate flowers and subsequent nut yields are proportional to the level of root

starch reserves in the preceding dormant phase (winter). Mathematical functions for the

effects of irrigation and pruning on tree growth and yield were derived from the literature

and available data. The model was calibrated using 2002, historical, and literature data and

validated against 2003 and 2004 data obtained from a mature pecan (Western Schley

cultivar) orchard near Las Cruces, NM. Overall accuracy was above 89% for simulated total

dry matter production, nut yield, tree height, and diameter at breast height (DBH). This

model was found to adequately simulate the effects of climate, irrigation, and pruning on

pecan tree growth, nut yield, and alternate bearing. It can potentially be used to schedule

and estimate the amount of irrigation and pruning to optimize pecan nut yield.
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1. Introduction

Pecan trees are an important crop in the irrigated agriculture

of southwestern US. The main cultivar is ‘Western Schley’.

The water use of pecan trees is greater than that of most row
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crops and is estimated to be 100–130 cm per season for mature

pecan trees grown in the El Paso, TX–Las Cruces, NM area

(Miyamoto, 1983). More recent measurements in 2003 from 21-

year-old pecan trees located 7 km south of Las Cruces, NM

gave a maximum daily ET of 10.6 mm day�1 and a seasonal
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(May 1–November 31) total of 116 cm (Wang et al., 2006). Flood

irrigation is the oldest and most common irrigation system

used in New Mexico orchards. Typically, annual irrigation is

about 2 m for pecan orchards (Wang et al., 2006). Irrigation

amount and timing should be based on the ET of the pecan

trees to optimize growth and production (Stein et al., 1989;

Miyamoto, 1985).

Pecan trees are usually spaced about 9 m � 9 m for high

density planting (Herrera, 2005). Tree crowding and excessive

shading reduce productivity (Andersen and Crocker, 2004).

Crowded trees also make agricultural operations such as

spraying and harvesting more difficult. Pruning can solve

these problems. The diameter of branches that are pruned can

range from 0.01 to 0.11 m and total dry weight removed can be

from 10 to 130 kg tree�1. Pruning includes mechanical hedging

and selective pruning. In the southwestern US, hedging is the

common pruning practice. In other areas where pecans are

grown hedging is not common or less common than selective

pruning. Our model work will focus on mechanical hedging

pruning practice for the southwestern US. Pruning may reduce

the yield and alter the bearing phase (Worley, 1985, 1991).

‘Western Schley’ is a fairly strong alternate bearer

compared to other pecan cultivars (Conner and Worley,

2000). The tendency for alternate bearing increases with age

and increasing yield. For example, at Stahmann Farm in Las

Cruces, NM, the average yield from a mature orchard is

2500 kg ha�1 with yields of 1400 kg ha�1 in an off year and

3600 kg ha�1 in an excellent year (personal communication).

Pecan nut prices are usually low in years of high yield

(McEachern et al., 1997). Managing a pecan orchard to adjust

alternate bearing to an optimal level (e.g., being out of sync

with other orchards) will result in maximum profits.

Modeling pecan yield is complicated by the occurrence of

alternate bearing. Several investigators have found that

flowering and nut yield are related to the amount of

carbohydrate reserves stored from the previous season

(Malstrom, 1974; Smith and Waugh, 1938; Wood, 1989, 1991;

Wood and McMeans, 1981; Worley, 1979a,b). There was a

strong relationship between nut yield and January root starch

concentrations and nut yield was not significantly related to

shoot carbohydrate reserves (Smith and Waugh, 1938; Smith

et al., 1986; Wood, 1989). Irregular bearing in pecan has been

attributed to failure of pecan trees to annually initiate and set

sufficient numbers of pistillate flowers (Amling and Amling,

1983). Pistillate flower differentiation occurs in the spring,

when the outer bud scales are shed and buds are swollen, but

before the inner bud scale is broken (Wetzstein and Sparks,

1983).

To simulate pecan tree growth the total dry matter

production needs to be calculated. Dry matter production

can be estimated from the product of water use efficiency

(WUE, kg ha�1 cm�1) and ET (cm). Plant WUE variation is

strongly affected by vapor pressure deficit (VPD) (Law et al.,

2002; Gutschick, in press). Law et al. (2002) analyzed monthly

WUE and VPD data for evergreen conifers, deciduous broadleaf

forests, crops and grasslands from different AmeriFlux sites,

and found that as VPD increased, WUE decreased.

The total dry matter production should appropriately be

allocated to different tree components. Lacointe (2000) gave a

comprehensive review regarding assimilation–allocation
models. The source/sink models have been widely used.

The sources are the leaves that assimilate carbon. The sinks

are the components (trunk, branches, leaves, nuts, and roots)

that consume or store assimilates. Two main subclasses of

models can be distinguished in the source/sink model. One is

the proportional model that allocates assimilate flux propor-

tional to the sink demand, not exceeding it. The other is the

hierarchical model, in which sink strength is defined as a

maximum growth rate or demand, and the different sinks are

ranked according to a priority-level order or hierarchy. For

example, Grossman and DeJong (1994) proposed an approach

for peaches with the assumption that sink strength was

greatest for organs closest to the source.

The allocation parameters can be measured experimen-

tally. Point and band dendrometers have been used to

measure the change in the diameter and growth of trunks

and branches for forest trees since the 1950s (Clark et al., 2000).

If a very sensitive linear variable differential transducer

(LVDT) is used in the dendrometer, a data logger can

continuously record the diameter changes throughout the

day (Goldhamer et al., 2003). The biomass of new growth can

be calculated according to the change in diameter, the length

of the trunk or branch, and wood density.

A pecan crop model is needed to understand the complex

relationships among weather, irrigation, and pruning timing

and amount as it affects growth and nut yield. This model

needs to simulate the alternate bearing effects on the pecan

yield and be able to allocate the total biomass to major

components of the tree.

Passioura (1996) makes the argument that models fall into

two categories: (1) mechanistic models developed for scientific

understanding of the processes in nature or (2) functional

models developed to solve management problems. The

mechanistic models are based on hypotheses, which may or

may not be correct, of how plants grow. Often these models

are difficult to run because of the large number of inputs and

state variable changes that occur in the models that cannot be

measured in the field. On the other hand, functional models

are robust and easy to understand and run but are not

necessarily applicable outside the environmental conditions

that were used in their development. The functional models

can illuminate, to a limited degree, the mechanistic aspect of

plant growth within the environment under which they were

developed.

A simulation model to be developed as a user-friendly

decision support system for irrigated crops should include all

objects necessary to simulate crop growth using either

mechanistic or empirical functional relationships (Acock

and Reynolds, 1989; Reynolds and Acock, 1997). Object-

oriented decision support programs model real world objects

with software counterparts and each object consists of

encapsulated data (attributes) and methods (behavior and

interactions). Objects interact with each other and with their

environment. Objects also provide interfaces by which users

can change attributes or execute methods.

The purpose of this research was to develop and test a user-

friendly and object-oriented pecan growth model for the

management of irrigation and pruning. Excel (Microsoft

Corporation) spreadsheets are the user-interfaces that allow

the user to easily change the parameters and mathematical
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Table 1 – Pecan growth model parameters

Parameter Value

Wood density (kg m�3) 647

Lateral outermost branch angle from

horizontal; one value used for all

outermost branches to simplify

calculation of projected area (degrees)

60

Maximum LAI (m�2 m�2) 6
functions in the model. The major processes (e.g., tree growth,

irrigation, and pruning) are represented as separate objects,

each contained in a worksheet. The entire model is the

aggregate of all the worksheets (objects) contained in one

workbook and interlinked with appropriate equations and

functions. The model can be classified as a functional model

and is envisioned to help make management decisions in

pecan production.

Specific leaf area (m2 kg�1) 9.2

Root:shoot biomass ratio 0.34

No. trees per ha 100

Tree spacing (m) 10.0

Soil water holding capacity (m m�1) 0.19

Initial trunk radius (m) 0.15

Initial root depth (m) 1.2

Initial carbohydrate (CHO) reserve (kg tree�1) 16.0

Initial soil moisture (m m�1) 0.19

Maximum root depth (m) 1.5

Optimum CHO reserves in January (kg tree�1) 20

Equilibrium RR, RRe (0–1) 0.85

Reserve ratio (RR) lower limit 0.4

Max. leaf growth rate growth rate (kg tree�1 GDD�1) 0.0715

Max. bud growth rate in spring (kg tree�1 GDD�1) 0.30

Max. shell growth rate (kg tree�1 GDD�1) 0.0106

Max. kernel growth rate (kg tree�1 GDD�1) 0.0235

Max. husk growth rate (kg tree�1 GDD�1) 0.0057

Root growth rate (m GDD�1) 0.0002

Growing degree days (GDD) to bud break 15

GDDs of leaf photosynthesis beginning 48

GDDs to pollination 210

GDDs to shell hardening 1940

GDDs to leaf fall 2607

GDDs to shuck split 2750
2. Model description

We developed a pecan model with objects for simulating

irrigation, alternate bearing, shoot biomass allocation, and

growth by modifying an existing growth-irrigation scheduling

model (GISM) (Al-Jamal et al., 2002). The new model simulates

pecan tree growth on a daily basis. A flowchart of the model is

shown in Fig. 1. Model inputs include daily weather, soil

condition, irrigation, and pruning data. The irrigation object

simulates pecan evapotranspiration (ET), soil water balance,

and water stress. The biomass allocation object calculates the

potential biomass allocation ratios to different branches and

trunk. The pruning object simulates removal of branches and

affects the objects of irrigation, biomass allocation ratios, and

alternate bearing. The alternate bearing object simulates CHO

reserve (starch) amount in the roots. Finally, the growth object

simulates tree growth and nut yield and allocates the biomass

to the tree components according to ET, water stress,

allocation ratios, pruning effects, and CHO reserve amount.

2.1. Inputs

Climatic inputs for the model consist of daily maximum and

minimum of temperature and humidity, solar radiation, wind

speed, rainfall, and soil temperature. These weather para-

meters are available from the New Mexico Climate Center Web

site (http://weather.nmsu.edu). The inputs also include

irrigation time and amount, pruning time, maximum dia-
Fig. 1 – Overall flow chart of the pecan model.
meter of branches to be pruned, and sides to be pruned (east,

west, north, south, and top). These pruning operations are

hedging. All branches having diameters less than or equal to

the maximum pruning diameter are pruned. For example, if

we prune the east side of a tree and the pruning diameter is set

to 2 cm, then all the branches at the east side with diameters

equal to or smaller than 2 cm are pruned (see Section 2.4.1).

The growth simulation requires several initial conditions

including tree trunk radius, root depth, root CHO reserve

amount (starch), and soil moisture (Table 1).

2.2. Outputs

The model outputs daily total dry matter production, branch,

and trunk growth (dry weight, diameter, and length), tree

height, nut, and leaf growth (dry mass). When a predeter-

mined level of water stress occurs, the model will simulate

application of the necessary irrigation amount. Also, pruning

is simulated when adjacent tree crowns begin to overlap.

2.3. Irrigation object

The irrigation object simulates ET and water stress (Fig. 2). ET

is determined by using climate data to calculate a reference

evapotranspiration rate (ETo) using the equation developed by

Samani and Pessarakli (1986) or Penman (Snyder and Pruitt,

1992) (depending on available climate data), and a crop

coefficient (Kc) to scale the daily ETo for non-stressed, closed

http://weather.nmsu.edu/
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Fig. 2 – Irrigation object flow chart.
canopy pecan conditions. The crop coefficient is the ratio of

pecan ET under non-stressed conditions and ETo. The Kc for a

closed canopy was obtained from Miyamoto (1983) and then

adjusted as follows based on measurements taken in the 2002

experiment (Sammis et al., 2004a).

Kc ¼ 0:286þ 0:003 GDDi � 3:02� 10�6 � GDD2
i þ 1:4� 10�9

� GDD3
i � 2:28� 10�13 � GDD4

i (1)

where GDDi is growing degree days for day i (8C day)(Al-Jamal

et al., 2002) with a cutoff (base) temperature of 15.5 8C for

pecan. The calculated non-stressed ET for a closed canopy

is reduced by soil moisture stress (Ks) and a canopy scale factor

(Kca). Soil moisture stress is a function of the proportional

available water in the root zone (Abdul-Jabbar et al., 1983). A

canopy scale factor (Kca) decreases ET from a closed canopy to

an amount associated with the percent cover at each simula-

tion time interval.

The soil moisture stress function (Ks) scaled from 0 to 1 is:

Ks ¼ aþ b
SmðiÞ

WHC� Rd
(2)

where a is the y-intercept (0.0), b the slope (2.0), Sm(i) the soil

moisture in the root zone on day i (m), WHC the soil water

holding capacity (an input to the model, 0.19 m m�1), and Rd is

the root depth (m). The value of Ks is set to 1.0 (no stress) when

soil moisture remains above 50% of WHC, below which Ks

drops linearly to zero as Sm approaches permanent wilting

point. Garrot et al. (1993) reported that 45% of the total water-

holding capacity could be depleted in a 2.1 m clay loam soil

profile with no reduction in pecan yield or nut quality. Irriga-

tion is applied (0.1 m) when Sm falls below the input value of

management allowed depletion (MAD), which is set at 50% of

WHC � Rd.

The canopy factor is derived from Snyder’s work (Sammis

et al., 2004b) and has the form:

Kca ¼ sin
ECC
0:7
� p

2

� �
when ECC< 0:7 (3)
where Kca is the canopy factor that ranges from 0 to 1 and ECC

is the effective canopy cover, which is the percent projected

canopy area divided by the growing area occupied by each

tree. Kca = 1 when ECC is greater than or equal to 0.7. The

canopy factor is decreased by pruning operations.

2.3.1. Soil moisture
The soil moisture at the root zone on day i is calculated as:

Wi ¼Wði�1Þ þ Ii þ Ri � ETi for Wði�1Þ þ Ii þ Rii<WHC� Rdi

(4)

Wi ¼WHC� Rdi � ETi for Wði�1Þ þ Ii þ Ri>WHC� Rdi (5)

where Wi is the water in the root zone on day i (m), Wi�1 the

water in the root zone in day i � 1, ETi (m) the evapotranspira-

tion on day i calculated by the irrigation object, Ii the irrigation

on day i (m), Ri the precipitation on day i (m), WHC is soil water

holding capacity in Eq. (2), and Rdi is the root depth on day i

(m). When (W(i�1) + Ii + Ri) > (WHC � Rdi), drainage will occur

and Wi will be calculated by Eq. (5).

The drainage on day i will be

Di ¼Wði�1Þ þ Ii þ Ri �WHC� Rdi (6)

where Di (m) is the drainage on day i.

2.4. Shoot biomass allocation ratio object

This object simulates the crown distribution and the alloca-

tion ratios to different size branches and the trunk (Fig. 3).

2.4.1. Crown distribution
According to the given diameter at breast height (at 1.4 m

height) (DBH) at the beginning of the simulation, the object

obtains the diameter, length, and number of trunk and

branches, and tree height. The branch angle (from horizontal)

of the outer branches in the crown is set (608) so that the

projected area on the ground can be calculated. The model

numbers trunk and branches at different levels. The trunk is

level 1 and branches directly grown from it are set to level 2,

and then branches grown from level 2 are set to level 3 and so

on. On the first day of simulation, the model calculates trunk

cross-section area according to DBH; then each higher level

branch cross-section area is calculated as half of the branch’s

one level below. The highest branch level is determined by the

branch diameter (<1 cm). New branches have diameters of

0 cm at the beginning of each growing season. Each branch

length is calculated by a regression equation (Eqs. (13) and

(14)).

The branch number in each level was determined by

measurements (Table 2, details given in Section 3.2.2). The

branches are distributed uniformly among east, west, south,

north, and top sides; i.e., in each level, 20% of the number of

branches is distributed to each side. The small branches (level

11) can range in diameter from 0.002 to 0.011 m. To obtain

reasonable height and projection area, the branch diameter is

set to the outer boundary (about 0.009 m, relatively larger than

inside branch of the same level). Consequently, the branch

number is set to 720 so that the branch yearly growth biomass
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Fig. 3 – Flow chart of the shoot biomass allocation ratio

object.

Fig. 4 – Flow chart of the pruning object.
can be reasonable. For the same reason as above, the new

branch number is conceptually set to 720.

2.4.2. Shoot allocation ratios
Daily growth biomass allocation was assigned according to the

allocation ratios of potential yearly growth biomass for each

level branch and trunk. To obtain the allocation ratio, first, the

potential yearly growth cross-section was calculated using a
Table 2 – The mean diameter, length, and number of branches
biomass allocation ratios at the beginning of the growing sea

Levela Diameter (m) Length

1 (trunk) 0.300 1.65

2 (scaffold) 0.212 1.54

3 (sub-scaffold) 0.150 1.43

4 0.106 1.32

5 0.075 1.21

6 0.053 1.10

7 0.038 0.99

8 0.027 0.82

9 0.019 0.71

10 0.013 0.61

11 0.009 0.50

12 (new) 0 0

a Branch levels range from the largest branch level (trunk) to the smalle
regression equation (Eq. (16)) for each branch and trunk

according to the branch original cross-section area. The

potential of new branch yearly growth is set to 1 cm of

diameter growth, i.e., the new growth cross-section area is

(3.14 � l2/4 = 0.785 cm2). Each level branch or trunk yearly

potential growth biomass was calculated according to branch

new growth cross-section area, branch length, number, and

density. The allocation ratio for each level branch or trunk was

calculated as the ratio of potential growth biomass for the

corresponding level branches or trunk to the total potential

new biomass for all branches and trunk (Table 2).

2.5. Pruning object

The pruning object reduces the tree biomass and adjusts nut

yield (Fig. 4). According to the pruning inputs: pruning

diameter, pruning side or sides (east, west, north, south, or

top), the branches smaller than or equal to the pruning

diameter at the corresponding side are removed (mechanical
at each level for an average tree and corresponding shoot
son when DBH = 0.3 m

(m) Number Allocation ratios

3 1 0.050

4 7 0.200

3 10 0.153

2 13 0.076

2 13 0.046

5 14 0.025

6 16 0.015

6 80 0.045

8 129 0.046

3 129 0.032

9 720 0.124

720 0.179

st (youngest) branch level.
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Fig. 6 – Flow chart of the growth object.
hedging practice). Then the shoot biomass allocation ratios are

adjusted accordingly in the shoot biomass allocation ratio

object. The current-year nut yield is adjusted by multiplying

with the pruning coefficient Kp (from 0 to 1, Eq. (15)). The bud

growth rate is adjusted by multiplying with Kp because bud

number is reduced (see Section 2.6).

2.6. Alternate bearing object

We hypothesized that the level of carbohydrate reserves in the

roots during the dormant season (prior to floral differentia-

tion) would affect the setting of pistillate flowers and

subsequent nut yield. This is conceptualized in the alternate

bearing object using a carbohydrate level factor (0–1) as

follows:

RRi ¼
CHOi

CHOOpt
(7)

where RRi is the carbohydrate reserve ratio (0–1) on day i, CHOi

the level of carbohydrate (starch) reserves (kg tree�1) in the

roots on day i, and CHOOpt is the optimum level of carbohy-

drate (starch) reserves in the roots during the dormant phase

that will not limit pistillate flower differentiation (kg tree�1).

Fig. 5 shows the flowchart of the alternate bearing object.

CHOOpt (starch) is set to 20 kg for mature pecan trees

(DBH = 0.3 m) based on Smith and Waugh (1938) and Wood

(1989). Smith and Waugh (1938) reported that the weight of dry

root starch in a mature pecan tree in winter before an on year

was about 1/12 of the total root dry weight. When DBH = 0.3 m,

the total shoot dry weight is about 692 kg tree�1 (calculated

from the method in Section 2.4.2) and root dry weight is about

237 kg tree�1 (calculated from the method in Section 2.7).

Therefore, the estimated CHOOpt (starch) is 20 kg tree�1

(237/12 = 20). The January 1 value of RR (taken to represent
Fig. 5 – Flow chart of the alternate bearing object.
the dormant phase), herein referred to as RRJan, is specifically

used to scale the growth of the shuck, shell, and kernel (the GFj

value in Eq. (10) in Section 2.7). Thus, RRJan is used to scale nut

yield based on the level of carbohydrate reserves during pis-

tillate flower differentiation. The level of carbohydrate

reserves (root starch) during the dormant phase determines

the pecan nut yield and its fluctuation from year-to-year as the

primary mechanism by which the model simulates alternate

bearing. If pruning occurs, the pruning may affect nut yield.

Then RRJan is adjusted and multiplied by the pruning coeffi-

cient (Kp, in Eq. (15)). The bud growth rate is adjusted and

multiplied by Kp assuming reduced bud numbers reduces CHO

usage (see Section 2.7 for bud growth).

2.7. Growth object

This object calculates total dry matter, leaf, CHO reserve,

branch, and root growth (Fig. 6). ET calculated and scaled by

water stress, and canopy factor from the irrigation object, is

used to calculate total net dry matter production. Daily net dry

matter gain per tree (DM) is estimated as the product of the ET

and WUE. WUE, the carbon assimilation rate (dry matter

accumulation per unit area per unit water used)

(kg ha�1 cm�1), was measured in 2002 (off year) and 2003 (on

year) by Wang et al. (2006). The daily WUE is calculated as a

function of VPD (kPa) given by Wang et al. (2006).

WUE ¼ 28:66� 3:51� VPD (8)

The daily VPD is calculated as the average of the daily

maximum and minimum of VPD, which are calculated from

maximum and minimum air temperature and humidity:

VPD ¼

0:6108� 2:72ð17:269�TmaxÞ=ðTmaxþ237:3Þ

� ð100� RHminÞ=100þ 0:6108

� 2:72ð17:269�TminÞ=ðTminþ237:3Þ � ð100� RHmaxÞ=100
2

(9)
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where Tmax and Tmin are the maximum and minimum tem-

peratures (8C), and RHmax and RHmin are the maximum and

minimum relative humidities (%).

According to oak tree measurements by King and Schnell

(1972), the root biomass to shoot biomass ratio was 0.34. The

WUE for above ground biomass (mainly shoots) is calculated

assuming the new biomass is proportionally allocated to root

and shoots. The root biomass growth is the product of total

shoot biomass growth and the root biomass to shoot biomass

ratio (0.34).

The allocation of the above ground DM is modeled in a

cascading manner, where DM is allocated first to leaves, then to

nuts, then to the carbohydrate reserve pool and lastly to

branches and the trunk. The daily allocation to leaves and nuts

(further separated into shuck, shell, and kernel) is estimated as:

DM j ¼ GR jðGDDiÞðGF jÞ (10)

where DMj is the daily dry matter gain of organ j (kg tree�1), GRj

the maximum growth rate of organ j (kg tree�1 GDD�1), GDDi

the growing degree days for day i (8C day), and GFj is the

limiting growth factor (0–1) for organ j. The GF is assumed

to be 1.0 for leaves. GF is equal to the carbohydrate reserve

ratio on January 1 (RRJan) for shuck, shell, and kernel. The DMj

for any given organ j is limited by the remainder of DM after

allocation to organs of higher sink strength. For example,

allocation to nuts cannot exceed the amount of remaining

DM after allocation to leaves. GRj was calibrated using 2002

measurements and data from the literature (see Section 3).

Daily dry matter allocation to the carbohydrate reserve

pool, DMCHO (kg tree�1), is calculated after allocation to leaves

and nuts and is conceptualized as:

DMCHO ¼ ½DM�DMleaves �DMhusk �DMshell �DMkernel�
� RA; RRJan <RRe

DMCHO ¼ 0; RRJan ¼ RRe

(11)

where DM is the total daily dry matter gain per tree (kg tree�1),

DMleaves the dry matter gain of leaves (kg tree�1), DMshuck the

dry matter gain of shucks (kg tree�1), DMshell the dry matter

gain of shells (kg tree�1), DMkernel the dry matter gain of

kernels (kg tree�1), RRe the equilibrium carbohydrate reserve

ratio (0–1), and RA is the allocation ratio of the remaining dry

matter to reserves [0.03 according to Wood (1989), it is 1/12 of

root biomass growth]. The RRe (0.85) corresponds to the RR that

would result in an average pecan nut yield that was deter-

mined from data reported by Wood (1989). Eq. (11) indicates

that the carbohydrate reserve pool is only refilled if the current

RRJan is below RRe because when RRJan is greater than RRe, the

year will be an on-year and the photosynthate will be allocated

to nut production and may not increase the reserve (Smith and

Waugh, 1938). The reserve is drawn down by the amount of dry

matter allocated to bud development (implicitly includes pis-

tillate flower formation) and initial leaf expansion in spring.

The bud growth rate was parameterized from 2002 bud growth

measurements (0.3 kg tree�1 GDD�1).

Any residual DM is allocated to branches and trunk based

on their allocation ratios (details in Section 2.4). The tree

height is calculated as the sum of each layer branch and trunk

length, and the tree crown projection area is calculated using

the outer branch length and angle. The maximum projection

radius is half of the tree spacing. The leaf area per tree
(m2 tree�1) is modeled by multiplying the total leaf biomass

per tree by the specific leaf area, SLA (m2 kg�1).

Critical growth stages, expressed in terms of thermal time

(i.e., cumulative growing degree days), are used to control

seasonal growth duration of each organ in the model. Dry

matter gain of leaves commences after budbreak and seizes

after reaching a specified maximum leaf area index (MaxLAI,

m�2 m�2). Simulation of shuck and shell growth begins after

pollination. Shell growth seizes in the model after reaching the

shell hardening stage, which marks the start of DM accumula-

tion in the kernel. Shuck and kernel growth stops after shuck

split. Accumulation of DM in the whole tree starts when leaves

start photosynthesizing and ceases after leaf fall.
3. Materials and methods

A 5.1 ha pecan orchard located 7 km south of Las Cruces was

planted in 1970 at 10.0 m � 10.0 m tree spacing. In 2002,

average orchard height was 11.3 m with an average DBH of

0.3 cm. The soil is Harkey loam (coarse-silty, mixed, calcar-

eous, thermic typic Torrifluvents). The orchard area was

determined from aerial photographs using ArcView software.

The farmer applied 320 kg ha�1 of actual nitrogen through the

irrigation system throughout the growing season. The orchard

was pruned in February of 2002 and 2003. Branches pruned

had an average diameter of 2 cm. In 2002, south and north

sides and top were pruned with a mechanical hedger; in 2003,

east and west sides were pruned. Since 1990, the pruning data

(pruned biomass and nut yield) have been recorded.

3.1. Irrigation and biomass measurements

The orchard was flood-irrigated from two wells where the

water was discharged into the orchard through a high-flow

turnout. Sparling Propeller flow meters (Sparling Instruments,

Inc., CA) were installed on the pumps to measure the irrigation

amounts. A Hobo H8 (Onset Computer Corporation, MA)

irrigation gate data logger was connected to a magnetic switch

that recorded when the irrigation gate on the high-flow

turnout was raised and lowered to measure when the water

was turned into the orchard and to verify the Sparling meter

readings. Table 3 lists the dates and amounts of flood irrigation

applied during 2002 through 2004.

In 2002–2004, the orchard was instrumented with a Li-Cor

eddy correlation system to obtain water use and total dry

matter production through vapor and CO2 flux measurements

above the orchard from a 16 m tower. The daily total dry

matter production and ET were estimated from the measure-

ments (Wang et al., 2006).

The biomass of leaves and nuts were estimated from

weekly samples from 2002 through 2004. On each sampling

date, two small branches (diameter about 1.5 cm) were

randomly clipped. A total of 25 leaves from each branch were

randomly selected for measurements of leaf area and dry

weight. The specific leaf area (m2 kg�1) was then calculated

from these measurements. Also, the nut dry weight and

number on the two branches were measured. The farmer

measured nut yield at the end of each growing season. The nut

yield per tree was estimated according to the number of trees
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Table 3 – Flood irrigations applied to the pecan orchard in 2002–2004

Date 2002 Depth (mm) Date 2003 Depth (mm) Date 2004 Depth (mm)

3/14 115.0 3/24 120.4 3/22 116.8

4/17 114.4 4/28 135.4 4/25 111.8

5/5 203.6 5/14 139.8 5/16 134.6

5/21 122.1 5/20 151.8 5/30 109.2

6/3 114.3 5/28 124.3 6/10 160

6/14 125.2 6/10 124.2 6/21 152.4

6/23 115.0 6/16 147.0 7/6 139.7

7/4 111.3 6/22 195.9 7/14 127

7/15 96.8 7/1 119.5 7/23 127

7/25 95.0 7/9 93.0 8/2 111.8

8/5 94.0 7/17 88.0 8/11 111.8

8/14 87.9 7/25 93.2 8/24 99.1

8/23 81.3 8/2 87.6 9/2 101.6

8/30 94.3 8/14 94.2 9/9 96.5

9/14 107.2 8/21 92.0 9/17 101.6

9/23 80.4 8/28 49.7 9/28 101.6

10/4 112.8 9/5 107.1 10/14 88.9

10/22 83.6 9/13 101.0 10/27 68.6

9/23 75.6

10/6 95.4

10/22 94.2

Totals 1870.6 1963.21 2060
per hectare. The weekly nut biomass (kg ha�1) was estimated

as the measured nut yield scaled by the ratio of corresponding

weekly measured average weight per nut to the value at the

harvest time. Total leaf biomass of pecan trees was difficult to

measure because of their large canopies. In lieu of total leaf

biomass, a leaf growth ratio was calculated for each weekly

measurement by dividing the weekly sample weight by the

October’s leaf weight (in October, pecan trees obtain max-

imum leaf weight).

3.2. Measurements of shoot biomass allocation

To obtain shoot biomass allocation, the wood density, crown

distribution, and branch growth were measured and analyzed.

3.2.1. Wood density measurement
Four pecan branch segments (diameter: 1.5–6 cm; length: 15–

25 cm) were sampled in November 2004. The segments were

dried and weighed. The volumes of the segments were

measured by water displacement in a graduated cylinder.

The density of each segment was calculated as the weight

divided by the volume. The mean density from the four

segments was used in the model as pecan wood density.

3.2.2. Crown distribution measurement

Crown distribution was estimated in November 2004 from

three pecan trees. DBHs were about 0.3 m. The number,

length, and diameter of all the branches (>3.5 cm diameter)

were measured. The branch angle from horizontal of outer

branches (the outermost branches at the lateral sides) in the

crown was obtained. For small branch diameter and length

measurements, sub-sampling was used. Each cluster of small

branches on three branches of diameter 3.5 cm, were sampled.

The clusters of branches ranged from 0.4 to 3.5 cm. The

clusters of branches were sorted into categories (<1.1, 1.2–1.6,

1.7–2.3, and 2.4–3.4 cm). The average number of branches in
each category for each 3.5 cm—diameter branch was calcu-

lated. The total number of branches for each tree and each

category was calculated using the average number in each

category multiplied by the total number of 3.5 cm branches per

tree. The relationship of branch diameter and length was

analyzed by regression (Minitab, 2000).

3.2.3. Trunk and branch growth
The radial growth of trunk (diameter about 30 cm), primary

(diameter about 20 cm), and secondary branches (diameter

about 15 cm) in 2004 were measured by 24 automated point-

dendrometers on four trees. Each trunk or branch had two

duplicate dendrometer measurements. The dendrometers

were constructed using a linear motion position sensor (Model

9605, BEI Duncan Electronics) fixed on the trunk and branches

by clamps using mounting bolts (Fig. 7). Hourly measurements

were recorded by a CR23X data logger (Campbell Scientific). The

average and standard deviation of diameter growth for each

size branch or trunk were calculated for future comparisons.

The annual growth of smaller branches, having diameter of 1–

15 cm, was measured manually by cutting off the branches and

measuring the diameter growth according to growth rings. The

average tree height was obtained by measuring four trees

annually in the end of each year or after a top pruning.

3.2.4. Shoot biomass allocation
The 2004 yearly cross-section growth area for each measured

branch and trunk was calculated according to the diameter

growth. The relationship between cross-section growth area

and original area was analyzed by regression (Minitab, 2000).

Then the shoot allocation ratios were calculated for branches

and trunk (see Section 2.4). For future comparisons, the

average and standard deviation of dry biomass for primary

and secondary branches, and trunk were calculated, respec-

tively, according to the branch or trunk number, cross-section

area, length, and density.
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Fig. 7 – Automated point dendrometer used to measure

trunk and branch diameter growth.
3.2.5. Calibration and validation
Measurements of GDDs in 2002 for critical growth stages were

used to calibrate the pecan model. The maximum nut growth

rate was calculated from historical maximum nut yield in the

orchard and the corresponding GDDs (Table 1). The maximum

component growth rate of kernel, shell and shuck was

obtained using the maximum nut growth rate multiplied by

the component weight ratios measured in 2002. The max-

imum growth rate of leaves was obtained using leaf weight

(64 kg tree�1) from Kraimer (1998) and the corresponding

growing-season GDDs. The measured SLA in 2002 was used

in the model (9.2 m�2 kg�1). The maximum leaf area index

(MaxLAI) was calculated (6 m�2 m�2) according to SLA, leaf

weight per tree, and tree spacing (MaxLAI = 64 � 9.2/102). The

historical pruning data (pruned biomass and nut yield) in the

orchard taken before 2002 were used to calibrate the pruning

coefficient Kp by regression. Other parameters were taken

from the literature. The 2003 and 2004 growing season data

were then used to validate the model. The accuracy for each

organ growth simulation (DM, nut, DBH, and height) at the end

of each simulation year was calculated as:

accuracy ¼ 1� simulation� observation
observation

����
���� (12)

The time series of simulated and observed plant compo-

nents was also plotted for visual analysis.

For this study, it was assumed that the pecan trees were

subjected to insignificant N stresses during the growing

season because of frequent applications of N fertilizer along

with the irrigation water. Thus, N stress and its effect on

growth were not considered in the simulations.
Fig. 8 – Relationship between yearly new growth cross-

section area and original cross-section area measured in

2004.
4. Results and discussion

4.1. Calibration parameters

Table 1 shows the pecan model parameters that were best

estimates from literature and measured data. The measured

wood density was 647 kg m�3. The branch number in each
level is shown in Table 2. The relationship between diameter

and branch length is

y ¼ 0:33 lnðxÞ þ 2; x>0:01 m (13)

where x is the diameter (m) and y is the length (m) (F = 503.6,

P < 0.001, ln(x) used as the independent variable in regression

analysis).

When x < 0.01 m, Eq. (13) will give a negative value so we

used the following equation instead.

y ¼ 44:5x (14)

Table 2 shows the calculated length for each level branch

when DBH = 0.30 m.

The pruning coefficient is expressed as:

Kp ¼ ð1� PRÞ2 (15)

where PR is the ratio of pruned biomass to the total shoot

biomass, which includes level 2 and higher level branches

(F = 13006, P < 0.001, regression analysis used (1 � PR) as the

independent variable). When there is no pruning,Kp = 1. When

all the branches with diameter of 0.2 m (the level 2 branch) is

pruned, PR = 1 and Kp = 0.

The relationship of yearly new growth cross-section area

and original area in 2004 is shown in Fig. 8. The equation is

y ¼ 0:011x0:54 (16)

where x is the original cross-section area (m2) and y is the

yearly growth cross-section area (m2). The equation is signifi-

cant (F = 159.6, P < 0.001, regression analysis used x0.54 as the

independent variable). The shoot allocation ratios were

obtained for each level branches and trunk according to this

equation, shoot number, diameter, and length (Table 2). The

tree height of about 11.3 m was estimated by summing all the

lengths. This estimate is reasonable compared to the mea-

sured tree height of around 11.1 m at the beginning of 2002

when DBH was 0.30 m. The radius of the projected canopy area
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Fig. 9 – Variation of pecan tree height with time. Top

pruning occurred in January 2002. Vertical bars are

standard deviations.

Fig. 10 – Comparison of simulated and observed diameters

for level 1 (trunk), level 2 (primary), and level 3 (secondary)

branches.

Fig. 11 – Comparison of simulated and observed biomass

for level 1 (trunk), level 2 (primary), and level 3 (secondary)

branches. There were some data gaps because of data

logger power problems.
(i.e., projected to the ground) calculated using the branch

length and the outer branch angle was 5.0 m, also deemed

reasonable when the canopy fully covered the ground at the

beginning of 2002.

4.2. Simulation

4.2.1. The growth of tree height, trunk, primary, and
secondary branches
The tree grew in height about 0.7 m every year from 2002

through 2004 (Fig. 9). At the beginning of 2002, the trees were

11.1 m tall. In January 2002, a top pruning occurred and the

height decreased to 9.5 m. It grew to 11.5 m at the end of 2004.

The growth in height was not affected by the light pruning

operations in 2003 because the tops of the trees were not

pruned. The simulation was accurate with accuracy over 95%.

The simulated diameter growth of level 1 (trunk), level 2

(primary) and level 3 (secondary) branches tracked the

dendrometer measurements very well (Fig. 10). The standard

deviation of the measured diameter growth was less than

0.002 m, which was too small to be shown in the figure. The DBH

increased from 0.3 m in 2002 to 0.327 m in 2004 based on the

model simulation (level 1 trunk in Fig. 10). The DBH grew about

9.0 mm each year on average and 27 mm total over the 3 years.

The predicted diameter of primary branches increased from

0.212 to 0.237 m from 2002 to 2004. Thus, average increase in

primary branch diameter was 8.3 mm per year. The diameter of

secondary branches increased from 0.150 to 0.170 m from 2002

to 2004, with an average increase of 6.6 mm per year.

Nelson (1965) reported that mature pecan trees could grow

about 0.9 m per year in height in loamy soil and average 7 mm

per year increase in DBH for trees of DBH = 35 cm. The height

and DBH simulation results are comparable with Nelson’s

(1965) observations.

The simulation of biomass in the trunk, primary, and

secondary branches agreed well with the measurements

(Fig. 11). The standard deviation of the measured biomass

growth was less than 0.5 kg tree�1. The trunk grew from 74.5 to

88.0 kg tree�1 from 2002 to 2004; primary branches (level 2)
from 248.4 to 319.4 kg tree�1; and secondary branches (level 3)

from 163.5 to 217.4 kg tree�1.

This model had better accuracy in predicting height and

DBH compared with the eucalyptus model (Eucalyptus camal-

dulensis) of Al-Jamal et al. (2002), upon which this pecan model

was based. The eucalyptus model overestimated height by

14% in 3 years of simulations. It overestimated DBH growth by

58% in the first simulation year and 14% in second and third

years. The reason for the overestimation may be that the shoot

structure in the eucalyptus model was not detailed, i.e., the

model did not divide the shoots into different diameter levels,

instead the model only divided the shoots in two parts: a trunk

and the rest of the shoot.

4.2.2. Dry matter, leaf, and nut growth
Simulated values of total dry matter production per tree

(254.3 kg tree�1) in 2002 were very close to estimates derived

from eddy covariance measurements (250.2 kg tree�1) (Fig. 12).

The simulated values in 2003 and 2004 were also accurate
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Fig. 12 – Simulated and observed total dry matter

production per tree in 2002–2004.

Fig. 13 – Simulated and observed leaf growth ratios in

2002–2004.
compared with the measurements (266.0 kg tree�1 versus

290.7 kg tree�1 and 287.4 kg tree�1 versus 259.1 kg tree�1 in

2003 and 2004, respectively). The accuracy in the 3 years was

98.4, 91.6, and 89.1%, respectively. Pecan trees began to
Fig. 14 – Simulated pecan nut biomass compared with

observations in 2002–2004.
increase in dry matter around the middle of April, a couple of

weeks after the leaves had emerged. The dry matter increase

ceased by the end of October or the beginning of November

when the leaves fell.

The model simulated the trends in leaf growth (i.e., leaf

growth ratio) accurately (Fig. 13). The leaves emerged at the

end of March or beginning of April, with maximum LAI

attained by the middle or end of June.

The model accurately simulated alternate bearing from

2002 to 2004 (Fig. 14). The model accuracy was above 89.7%.

Nut growth began at the start or middle of May. At this phase,

the nuts grew slowly because leaves were not fully developed.

In the middle of June, the leaves were fully developed and nuts

grew at a faster rate. Nut growth ended shortly after shuck

split in October.

This newly developed model has similar capabilities and

accuracy compared to the peach growth model by Grossman

and DeJong (1994) that simulates dry matter production of

fruits, leaves, branches, and trunk.
5. Conclusion

A pecan model was developed with objects for simulating

irrigation, pruning, alternate bearing, shoot biomass alloca-

tion, and growth by modifying an existing growth-irrigation

scheduling model (GISM) (Al-Jamal et al., 2002). The model

simulated dry matter production, nut yield, and alternate

bearing accurately from 2002 to 2004. The accuracy was above

89% for total dry matter production and nut yield. The model

also simulated the trends in leaf growth accurately. Overall,

this model was found to adequately simulate the effects of

climate, irrigation, and pruning on pecan tree growth and nut

yield, including alternate bearing. However, the model should

be tested with more years of data at multiple locations to gain

a better assessment of its robustness. It can potentially be

used to schedule and estimate the amount of irrigation and

pruning to optimize pecan nut yield.
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